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1 Introduction 
 
MariSense Oy’s main product line, the Ella® wireless shelf label (ESL), is a novel com-
bination of the brilliant paper-like experience of e-ink with the convenience of an RFID 
controlled electronic price display. The Ella® retail system operates as unlicensed device 
in the 868 MHz ISM band, and can be classified as an RFID-system that consists of an 
Ella® base station, EBS (the reader), and the shelf label (the transponder).  
  
MariSense Oyis a small Finnish company based out of Tuusula, which specialises in 
complete retail store label and store control solutions. In order to expand its business to 
the FCC region, MariSense Oy needed the RF-testing procedure of the EBS modified 
and adapted to comply with the regulatory standards for wireless communication for the 
902...928 MHz ISM band. The specifications for this frequency band had to be re-
searched; they are governed by the FCC in Title 47 Code of Federal Regulations Part 
15 and Part 18.  
  
Test fixtures typically form the centre point for the RF-tests involved in transmitter and 
receiver tests of RF-devices. For MariSense Oy in particular, the purpose of this study is 
to satisfy the need for such a test fixture solution, and also to develop test methods for 
the fixture as it is used in the transceiver verification process of the Ella® Base Station. 
 
1.1 Organisation of the Thesis 
 
Part one introduces the subject of the thesis and the company that provided the thesis 
topic. The goal of the project is briefly mentioned. 
 
Part two provides an overview of the subject area and the background of the project. The 
goal is set within the scope of the project. 
 
Part three describes the methods used in RF device testing. It introduces the normative 
bodies that govern the regulations which form the basis for RF-test specifications, and 
clarifies how and why these are relevant to the test fixture developed for MariSense Oy. 
 
Part four presents the realisation of the test fixture that was developed for the project 
and its capabilities related to the goal. 
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Part five discusses and reviews the implementation of the project, and finally 
 
Part 6 summarises the project and presents the conclusion.  
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2 Background 
 
RFID is generally a non-contact transmission of data via RF waves and typically consists 
of at least one transponder with some kind of memory, and a reader device. RFID tech-
nology is part of the auto-ID technology AIDC, like for example barcodes or the optical 
character recognition OCR.  
 
2.1 Regulatory Bodies, License Free Frequency Band  
 
Because radio waves are used to transmit the data, RFID systems are typically operated 
in an ISM frequency band so that the end-user of the system is not required to obtain a 
license for operating an RF device [1] [2]. This however, does not mean that the devices 
are free from other regulatory restrictions. In fact, there are very detailed rules and reg-
ulations that cover the allocation and use of the radio spectrum so that technology may 
interconnect seamlessly. 
 
The global allocation of the radio spectrum is managed by the International Telecommu-
nication Union. The ITU further publishes standards, or recommendations, that are fun-
damental to the operation of the communication networks. The ITU divides the world into 
three so-called ITU regions, as seen in Figure 1, for purposes of frequency allocation. [3] 
 
Figure 1. ITU Frequency Regions as per ITU RR5-2. [3, p. 37] 
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Figure 1 depicts the world as it is divided into three major regions.  Region 1 includes all 
territory bounded to the west by the line marked as B and bounded to the east by line A. 
Additionally, all of the northern part of the Russian Federation bounded by the Lines A 
and C belongs to Region 1. 
 
Region 2 is all of the territory bounded by the lines C and B. 
 
Region 3 is the territory bounded by the lines A to the west, C to the east and the line in 
the north that follows the border of, amongst others, Turkey, Ukraine and the Russian 
Federation. 
 
In the United States, which lies in region 2, the key regulatory body for (not only) radio 
communication is the government agency FCC. The corresponding organisation respon-
sible for communication technologies in Europe, which lies in region 1, is the ETSI [4]. 
The regulations issued by these entities provide the background for the specifications 
and test methods used for the RF device test solution developed in this thesis. 
 
Frequency bands of interest within the scope of this thesis and their permissible power 
are summarised in Table 1: 
 
Table 1. License Free Frequency Bands used by EllaRetail® 
Region Frequency Radiated power 
1 – Europe 865.6-867.6 MHz 2 W erp [1] [5] 
2 – Americas 902-928 MHz +36 dBm EIRP [6] 
 
As can be seen from the radiated power column in Table 1, there are different methods 
of describing radiated power. The differences between the specifications of radiated 
power, and conversion between them, will be explained in part three. 
 
2.2 Objective, Scope and Limitations 
 
The device testing at MariSense Oy was conducted manually, with varying setup param-
eters like for example different cables of changing quality, the door of the anechoic cham-
ber open or partially closed. Testing was generally slow and results could vary enough 
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to potentially violate specifications. With the addition of ITU Region 2 (Americas) cus-
tomers, additional tests would be required once the additional test specifications are de-
fined and the references identified. 
  
This thesis aims at developing a permanent test fixture together with test methods for 
the RF-transceiver, in particular tests for conducted transmitter output power and har-
monics, in order to improve repeatability, reproducibility and to help overcome some of 
the issues that arise with test setup variations and limited mating cycles of cheap cable 
connectors. 
 
The test-fixture solution was required to provide a low-cost rudimental ATE interface with 
the ability to interface with legacy GPIB equipment available in MariSense Oy’s RF la-
boratory. Modern communication test equipment such as a PXI/LXI test rack with real-
time signal synthesis was out of question due to budget constraints. The general lack of 
resources and the restricted amount of time available limited the otherwise very compre-
hensive project. As a consequence, calibration and drift due to temperature changes 
were ignored and only a few important transceiver tests were implemented. Additionally, 
EMC and other unwanted conducted and radiated emission tests were not handled in 
this thesis. Measurement uncertainties are not handled here and will be understood as 
known and calculated in accordance with ETSI. [7] 
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3 Methods and Materials 
 
This part describes the differences between the tree specifications of radiated power and 
how to easily convert from one to the other. It then explains the typical methods required 
in RF device testing. It further introduces the normative bodies that govern the relevant 
regulations, and briefly explains to what extent these are relevant to the test fixture de-
veloped for MariSense Oy. 
 
3.1 Power in EIRP, ERP and E-Field 
 
As already mentioned in the previous part, there are different ways in which the norma-
tive references describe the enrgy of radiated power [4, p. 2]: 
 
 The effective isotropic radiated power in Watt eirp or dBm EIRP, 
 The effective radiated power in Watt erp or dBm ERP, and 
 The electric field strength Ε, measured at some distance r from the radiator. 
 
EIRP is the effective radiated isotropic power, i.e. the power that would have to be sup-
plied to a perfectly isotropic radiator in order to achieve the same electric field strength 
that the DUT produces at the same distance. 
 
ERP is similar to EIRP with the exception of it being the electric field relative to a half-
wave dipole instead of an isotropic antenna. In other words, it is the power supplied to 
an antenna multiplied by the gain of the antenna referenced to a dipole (dBd). The reason 
for referencing to a dipole is, that the half-wave dipole is a better representation of a 
realistic antenna. 
 
The relationship between EIRP and ERP comes from the maximum theoretical antenna 
gain of the dipole 𝐺𝑑𝑖𝑝𝑜𝑙𝑒 = 1.64 [8, p. 52], which is expressed relative to an isotropic 
antenna in terms of dBi: 
 
Gain of a dipole: 
 
 log 𝐺𝑑𝑖𝑝𝑜𝑙𝑒 = 10 ∙ log 1.64 = 2.15 𝑑𝐵𝑖 (3-1) 
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Since the gain of a perfect isotropically radiating antenna referenced to itself 
is 𝐺𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐 = 1 (≡ 0 𝑑𝐵𝑖), the conversion between EIRP and ERP can be determined by 
the following relationships [9, p. 13] : 
 
From ERP to EIRP 
 
 𝐸𝐼𝑅𝑃 = 𝐸𝑅𝑃 + 2.15 𝑑𝐵 (3-2) 
 
From EIRP to ERP 
 
 𝐸𝑅𝑃 = 𝐸𝐼𝑅𝑃 − 2.15 𝑑𝐵𝑖 (3-3) 
 
Especially in normative references from the FCC, radiated emissions are specified in 
electrical field strength at a distance of 3m, rather than power in EIRP or ERP. In order 
to be able to conveniently compare between the different normative references, it is thus 
necessary to find an equation that describes this relationship. 
 
As already mentioned before, EIRP is the power that would have to be supplied to an 
isotropic radiator in order to get the same electric field strength that the DUT produces 
at this distance. Therefore, if the electric field strength is known, the EIRP can be found 
via the following equation: 
 
From Electric Field Strength to EIRP1 [4, p. 2]: 
 
 
𝐸𝐼𝑅𝑃 = 10 ∙ log (
4𝜋 ∙ 𝐸2 ∙ 𝑟2
0.377 [𝑉2]
) 𝑑𝐵𝑚 
= 10 ∙ log (
𝐸2 ∙ 𝑟2
0.030 [𝑉2]
)  𝑑𝐵𝑚 
(3-4) 
 
 
 
 
 
                                               
1 For a complete derivation of the formula, see Appendix A – From Electric Field Strength to EIRP. 
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Where: 
 
𝐸𝐼𝑅𝑃 : The Effective Isotropic Power in dBm, 
𝐸 : The electrical field strength in 
𝑉
𝑚
 
𝑟 : The distance from the transmitting antenna in m, and 
𝑉 : is the unit of measurement (Volt). 
 
Thus, if any one of the three terms EIRP, ERP or the electric field strength E, at the 
distance r, is known the other two terms can be calculated. 
 
As an example, the transmit power limits and the harmonic, or spurious, emission limits 
of the 902-928 MHz ISM band and the limits for the 865.6-867.6 MHz ISM band in the 
US, respectively Europe, are summarised in Table 2, in terms of electric field strength, 
EIRP and ERP [2, pp. 247, 249] [10, p. 33] [5, p. 28]: 
 
Table 2. Transmitter Power and Harmonic Limits in E, EIRP and ERP 
Fre-
quency 
[MHz] 
Fundamental Harmonics/Spurious 
E [V/m]2 EIRP [dBm] ERP [dBm] E [V/m] EIRP [dBm] ERP [dBm] 
902-9283 3.64 +36 +33.85 364 ∙ 10−3 +164 +13.85 
902-9285    500 ∙ 10−6 −41.23 −43.38 
865.6-
867.66 
2.58 +35.15 +337 1.43 ∙ 10−3 −32.15 −30 
 
The limits for 865.6-867.6 MHz in Table 2 are for any spurious emission outside a range 
of ±500 kHz of the carrier frequency of the DUT. There are additional limits for conducted 
and radiated spurious emissions below 1 GHz [5]. 
 
 
 
                                               
2 The electric field strength at a distance of 3 m 
3 With frequency hopping and ≥ 50 channels 
4 For a peak in band emission of +36 dBm EIRP, otherwise -20 dBc within any 100 kHz BW 
5 Where the harmonics fall within a restricted band as per 47 CFR 15.205 
6 For harmonics/spurious > 1 GHz 
7 Value depends on antenna beamwidth 
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3.2 Compliance Testing of Wireless Equipment 
 
Unlicensed wireless radio equipment placed on the market is subject to compliance test-
ing and certification processes in one form or another. While for the EU market this hap-
pens through self-declaration by the manufacturer who supplies the equipment to the 
market [11], a vendor or manufacturer in the US must apply for FCC certification after 
careful testing of the device in an authorised laboratory [2]. 
 
The detailed compliance testing and certification process for devices in the 902-928 MHz 
frequency band to the US market, is covered in Title 47 CFR Part 15 of the FCC, sum-
marised in [4], and will not be handled further in this text, as most of the test methods 
are of similar nature as those for ETSI (similar frequency, similar power, more harmonics 
etc. but essentially the same methods except for the used detector [12, p. 4.2.1]). 
 
In the EU, the general transceiver specifications and test methods for devices with power 
levels up to 2 W in the 865-868 MHz band are defined in the European Standard ETSI 
EN 302 208-1. The methods described by this standard are essentially what the test 
fixture is required to provide for. The next few paragraphs will handle the most important 
transmitter and receiver tests as described in this standard. 
3.3 Transmitter Tests 
 
The general test conditions like normal, extreme temperature and rel. humidity shall con-
cur with the conditions specified in the EN standard [5, pp. 15-18]. 
 
3.3.1 Frequency Error 
 
The frequency error of a radio transmitter is specified as the difference between its nom-
inal frequency and the actual frequency when measured under extreme test conditions. 
This is important due to the temperature coefficient of the components used in the trans-
ceiver; most prominent is the temperature drift of oscillators. 
 
For this test, the DUT is required to transmit a continuous unmodulated carrier at fre-
quencies specified in [5] with a frequency counter connected to its TX output as shown 
in Figure 2 below: 
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DUT Counter
 
Figure 2. Measurement Setup for Transmitter Frequency Error 
 
A maximum drift of +/-10 ppm is permitted and the frequency error of the test fixture is 
required to be either at least an order of magnitude better than the frequency error of the 
DUT or well characterised so that it may be corrected for. For this test it is recommended 
to use a climate chamber instead of the test fixture due to its large thermal mass. 
 
3.3.2 Frequency Stability under Extreme Voltage Conditions 
 
This test is essentially the same as the frequency error test. However, instead of chang-
ing the temperature, the DUT supply voltage will be adjusted to its lower extreme and 
the frequency of the carrier will be recorded with a frequency counter as illustrated in 
Figure 3, while the test voltage is further reduced towards zero. 
 
DUT CounterDC
 
Figure 3. Measurement Setup for Transmitter Frequency Stability 
 
This test is necessary, to verify that the RF-transceiver will still meet its requirements or 
simply shut down during low states of battery power or brown-out, so that the possible 
resulting frequency variation does not cause interference. The test fixture meets these 
requirements by providing external power connectors for system power supplies. 
 
3.3.3 Radiated Power, Conducted Measurement 
 
Perhaps one of the most important tests for a transceiver is the radiated or conducted 
output power test, since this is the main regulated feature in addition to the frequency. 
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Many of the tests described in the following sections of this part require that the RF power 
is measured in some way or another. Although not necessarily mentioned in the meas-
urement methods described in the next sections, cable and path losses will be implied 
and need to be corrected for as described in this section. 
 
Where the antenna is an integral part of the DUT, tests are typically conducted on a test 
site such as an Anechoic Chamber or Open Area Test Site (OATS) by mounting the DUT 
on a turntable at a specific height and at a specified distance away from a test antenna. 
If the DUT however has external antenna connectors, it is also acceptable to measure 
the conducted power instead of radiated power. For this, it is sufficient to correct the 
measured conducted power values for cable loss and antenna gain and state the values 
in effective radiated power. [5, pp. 22-23] 
 
For production testing, the conducted power measurement method is preferable over the 
radiated measurement due to the significant cost and complexity of test sites. 
 
 
Figure 4. Measurement Setup for Transmitter Power, Conducted Measurement 
 
A method to measure the conducted power is illustrated in Figure 4. RF power is con-
ducted from the TX antenna connectors to an input selection switch. From there, the 
signal passes through a directive coupler and terminates into a 50 Ω dummy load which 
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simulates an antenna. Where the DUT has multiple antenna connectors, it is necessary 
to provide means to switch between them since the measurement has to be repeated for 
each output. In the case of the EBS, TX power is only transmitted by one of its two TX 
connectors at any time. If this were not the case, the transmitted RF power of both con-
nectors would have to be combined with a power divider/combiner. The purpose of the 
coupler is to provide a non-intrusive approach to measure the peak or mean power. 
Since power meters are very sensitive instruments and the expected output power of the 
DUT is in the range of 2 W erp, the selected directive coupler was chosen with a coupling 
of -30 dBm. 
 
The upper limit for the measured conducted output power of the EBS, when using an-
tennas with circular polarisation with a beamwidth of under 90°, can be calculated with 
the following equation: 
 
Maximum Allowed Conducted Power [5, p. 23]: 
 
 𝑃𝐶 = 𝑃𝑒𝑟𝑝 − 𝐺𝐼𝐶 + 5.15 + 𝐶𝐿 𝑑𝐵𝑚 (3-5) 
Where: 
 
𝑃𝐶 : Maximum allowed conducted power of the DUT in dBm 
𝑃𝑒𝑟𝑝 : Maximum allowed ERP according to ETSI 302 208-1, which is 33 dBm (2W) for 
antennas with a beamwidth of 𝜃3 𝑑𝐵 ≤ 90° and 30 dBm (1W) for 𝜃3 𝑑𝐵 ≤ 180° 
𝐺𝐼𝐶  : The antenna gain of a circular antenna in dBiC 
𝐶𝐿 : Cable loss in dB 
 
The additional 5.15 dB correction is a result of the fact that the gain of the circular polar-
ised antenna is 3 dB greater than a linear polarised antenna, and that a dipole antenna 
has an additional 2.15 dB gain compared to an isotropic antenna. 
 
Example: 
The antenna used by the EBS has circular polarisation and a gain of 𝐺𝐼𝐶 = 5 𝑑𝐵𝑖𝐶, and 
cable loss at 868 MHz is estimated to 𝐶𝐿 = 1.8 𝑑𝐵 . This gives a maximum allowed con-
ducted output power for an antenna with a beamwidth 𝜃3 𝑑𝐵 ≤ 90° of: 
 
𝑃𝐶 = 33 𝑑𝐵𝑚 − 5 𝑑𝐵𝑖𝐶 + 5.15 + 1.8 𝑑𝐵 = 34.95 𝑑𝐵𝑚 𝐸𝑅𝑃 = 3126 𝑚𝑊 𝑒𝑟𝑝 
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And for an antenna with a beamwidth of 𝜃3 𝑑𝐵 ≤ 180°: 
 
𝑃𝐶 = 30 𝑑𝐵𝑚 − 5 𝑑𝐵𝑖𝐶 + 5.15 + 1.8 𝑑𝐵 = 31.95 𝑑𝐵𝑚 𝐸𝑅𝑃 = 1557 𝑚𝑊 𝑒𝑟𝑝 
 
Furthermore, the power meter reading needs to be corrected for an insertion loss fo the 
input selection switch of for example 0.1 dB, and for the coupling factor of the directional 
coupler of -30 dB. 
 
The test fixture can conveniently provide the necessary TX path selection by using co-
axial RF-switches. 
 
3.3.4 Transmitter Spectrum Mask 
 
The spectrum mask of the transmitter defines the average power contained in a modu-
lated signal, including the side bands of the carrier, at a range of ±500 kHz around the 
carrier [5, p. 24]. 
 
For this measurement, the DUT is connected to a spectrum analyser as seen in Figure 
5 and set to transmit a number of short modulated signal pulses for a sub-band at a 
carrier frequency fc. The output power of the DUT is then measured with the spectrum 
analyser, which has to be configured as described in EN 302 208-1. 
 
DUT
Spectrum 
Analyser
 
Figure 5. Measurement Setup for Transmitter Spectrum Mask 
 
As implied in Figure 5, the spectrum analyser performs a mask test on the TX signal 
coming from the DUT.  
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The point in limiting and measuring the spectrum mask is to make sure that power is not 
falling into adjacent channels (=Adjacent Channel Power) when the transmitter is switch-
ing on and off during normal operation so that interference is limited and also to verify 
that the occupied bandwidth is used sensibly. The absolute limits of the RF power in ERP 
for the 868 MHz ISM band spectrum mask are shown in Figure 6 below: 
 
 
Figure 6. Transmitter Spectrum Mask Limits in ETSI for 865-868 MHz [5] 
 
For the test fixture, the only requirement is to provide means to switch between the two 
TX connectors and to specify any insertion loss so that the spectrum analyser measure-
ments are compensated for the path loss. 
 
3.3.5 Unwanted Emissions in the Spurious Domain 
 
While the signal spectrum at ±500 kHz around the carrier is specified as the spectrum 
mask, the unwanted spurious emissions are outside of this frequency range, and contain 
emissions other than those related to normal modulated transmissions like the carrier 
and its wanted side bands. 
 
This test aims at detecting and recording the ERP power level of conducted spurious 
emissions over the frequency range of 30 MHz to 5 GHz with the spectrum analyser 
configured as described in the standard. Some of the relevant limits for the 868 MHz and 
the 915 MHz bands were summarised earlier in Table 2. Cabinet radiation is disregarded. 
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This measurement is conducted in a similar way to the spectrum mask measurement. It 
too, requires a modulated transmission in short pulses. It can essentially use the same 
setup with the addition of an attenuator and a selectable high-pass filter, as seen in Fig-
ure 7, between the DUT and the spectrum analyser as the spectrum analyser essentially 
is the measuring receiver that is required for this test. Again, where the DUT has more 
than one antenna or antenna connector, the measurement has to be repeated for each 
TX output. [5, p. 26] 
 
 
Figure 7. Measurement Setup for Unwanted Spurious Emissions 
 
Ideally, both the spectrum mask test and the spurious emissions test can be executed at 
the same time, as long as the settings of the spectrum analyser are adjusted as required 
by the standard. The test fixture must provide means to protect the spectrum analyser 
from excessive amounts of power. Additionally, the optional high-pass filter in Figure 7 
is switched into the signal path on demand, to prevent mixer saturation during measure-
ments above 1 GHz8.  It also eliminates intermodulation distortion generated in the input 
of the spectrum analyser. It is in this frequency range that especially the power level of 
the 2nd to 5th harmonics of the carrier are of interest. 
 
3.3.6 Transmission Time 
 
The transmission time of the DUT is the amount of time that the DUT is continuously 
transmitting. Not only is the period of time that the DUT is permitted to continuously 
transmit regulated, but so is the time between two consecutive transmissions and the 
channel occupancy to ensure that all the channels are used equally. [5, p. 28] 
 
                                               
8 Gain comppression (> 10 MHz) for the HP8590E spectrum analyser is ≤ 0.5 dB (total power at 
input mixer is equal to -10 dBm) [19, p. 7.10] 
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This measurement is typically conducted by bringing the DUT in range of a simulated 
unlimited number of transponders and having an oscilloscope trigger off the transmission 
antenna of the DUT. The length of the transmission and the interval between two trans-
missions is recorded. 
 
The test fixture solution already provides means of detecting the transmitted RF-power 
as described in section 3.3.3. The power meter is thus used to record the transmission 
length. 
 
3.4 Receiver Tests 
 
The receiver parameters described in EN 302 208-1 are essentially guidelines that are 
based on compatibility studies conducted by the ECC. A device will not fail compliance 
tests by violating these recommendations, but it can be assumed that there will be severe 
degradation in performance of the receiver when exposed to unacceptable levels of in-
terference. [4, pp. 14-15] [5, p. 29] 
 
3.4.1 Co-Channel Rejection 
 
Co-channel interference (CCI) happens when a DUT receives multiple transmissions on 
the same channel at the same time. Thus, co-channel rejection is a measure for a re-
ceiver’s ability to receive a modulated signal without being interrupted by the presence 
another unwanted signal at the same nominal channel frequency. [5, p. 30] 
 
 
Figure 8. Co-Channel Rejection Ratio 
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Figure 8 demonstrates one interpretation of the way to quantify co-channel rejection. 
Here, the co-channel rejection ratio CCRR is the ratio of the power 𝐿𝑖 of the unwanted, 
unmodulated interfering signal in grey colour to the power 𝐿𝑠 of the modulated wanted 
signal in black. The CCRR is thus defined as: 
 
Co-Channel Rejection Ratio 
 
 𝐶𝐶𝑅𝑅 = 𝐿𝑖 − 𝐿𝑠 (3-6) 
 
If for example, the level of the wanted signal is set to be 3 dB above the receiver’s sen-
sitivity which is known to be -102 dBm, and if the level of the unwanted interfering signal 
is measured to be -35 dBm, the co-channel rejection ratio can then be determined: 
 
𝐶𝐶𝑅𝑅 = −35 𝑑𝐵𝑚 − (−102 + 3) 𝑑𝐵𝑚 = 64 𝑑𝐵 
 
This measurement can be performed by using the external antenna connectors of the 
DUT and a power splitter. It is essentially a crosstalk measurement with two different 
transmitters which use the same frequency while the receiver attempts to understand 
only its intended transmission partner. 
 
 
Figure 9. Measurement Setup for Receiver Co-Channel Rejection 
 
As illustrated in Figure 9, a power divider/combiner is used to connect both an antenna 
and a signal generator to the receiver port of the DUT. The measurement itself involves 
an active tag that is then placed near the antenna such that the DUT is just barely able 
to identify it or for example, fails a bit-error specification. This distance 𝑟 is recorded and 
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the tag is moved to a distance of 0.7 ∙ 𝑟 away from the antenna, which corresponds to a 
3 dB increase in signal power. The signal generator is set to transmit at the same fre-
quency as the tag. The amplitude of the signal generator is then slowly increased until 
the DUT is unable to identify the tag. Now, the amplitude is again decreased in small 
steps until the DUT is able to identify the tag again and this signal level is recorded. After 
compensating the signal levels for combiner-loss and antenna gain, the DUT should be 
able to reject an unwanted signal of up to -35 dBm ERP. [5, p. 31] 
 
This measurement is of secondary importance for the test fixture, as it is only conducted 
in the event that the DUT is unable to receive signals at all. The setup can however, be 
used to investigate receiver sensitivity, i.e. the lowest absolute power at a distance 𝑟 at 
which the receiver still can demodulate a received signal. 
 
3.4.2 Adjacent Channel Selectivity 
 
Adjacent channel interference (ACI) happens when a DUT receives a transmission while 
another unwanted device transmits on an adjacent channel. Thus, adjacent-channel se-
lectivity (ACS) is a measure for a receiver’s ability to deal with interferers on frequencies 
at an offset equal to the channel spacing. The ratio between the wanted and the un-
wanted signal level is called the adjacent channel selectivity of the receiver. [4, p. 15] 
 
Figure 10. Adjacent Channel Selectivity Ratio 
 
Figure 10 depicts one interpretation of the way to quantify adjacent channel rejection. 
Here, the adjacent channel selectivity ratio ACSR is the ratio of the power 𝐿𝑖 of the un-
wanted, unmodulated interfering signal at a lower adjacent channel Ch1 in grey colour, 
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to the power 𝐿𝑠 of the modulated wanted signal of channel Ch2 in black. The ACSR is 
thus defined as: 
Adjacent Channel Selectivity Ratio 
 
 𝐴𝐶𝑆𝑅 = 𝐿𝑖 − 𝐿𝑠 (3-7) 
 
This measurement is conducted similarly to the test for the co-channel rejection, with 
reference to Figure 9. The difference is, that the frequency of the signal generator is first 
set to the upper and then to the lower adjacent channel frequency, meaning the test has 
to be conducted twice. [5, p. 31] 
 
3.4.3 Blocking or Desensitisation 
 
While the two prior interference or selectivity types were about in-band and adjacent-
band interference, the blocking performance of a receiver is evaluated at any frequency 
other than those frequencies that are covered by the co-channel, adjacent channel and 
spurious radiation tests. Thus, with reference to the test method in 3.4.1 and Figure 9, 
the measurement is conducted with the signal generator set at frequencies tuned to an 
offset of ±1 MHz, ±2 MHz, ±5 MHz and ±10 MHz around the carrier frequency. [5, p. 33] 
 
Phase noise plays a big role for a receiver’s blocking capability. 
 
3.4.4 Spurious Emissions 
 
Spurious emissions in receivers can cause a number of uninvited effects ranging from 
unwanted response over general measurement errors to at the very least, unwanted 
interference. Internally generated spurs are commonly insignificant but many encoun-
tered spurs are actually a product of signals internal to the DUT and external signals. 
This is the reason why it is so important to identify and possibly eliminate all forms of in-
band, adjacent band, out-of-band and spurious emissions. 
 
Spurious emissions from the receiver of the DUT are located outside of the useful band-
width of the frequency band in which the intentional radiation is taking place. Conse-
quently, the level of the spurious emissions can be reduced without affecting the normal 
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operation of the receiver. Harmonics, intermodulation distortion, parasitic emissions and 
frequency conversion products are all spurious emissions. [5, p. 34] 
The spurious emissions of receivers are measured in exactly the same way as they are 
for transmitters, i.e. the conducted power level measured via the antenna connector into 
an artificial load and via cabinet radiation at a test site as in 3.3.5. 
 
This means that for the test fixture the same measurement setup as illustrated in Figure 
7 can be used to connect to a spectrum analyser which will act as wide band receiver 
from 9 kHz-12.75 GHz. Any spurious components found within this frequency range must 
be recorded and corrected for attenuator or cable loss in the measurement. The emission 
limits for the receiver tests are summarised in Table 3: 
 
Table 3. Receiver Emission Limits for the 868 MHz ISM Band in Europe 
Test Type Frequency Emission Limit 
erp [W] ERP [dBm] 
Co-Channel Rejection 𝑓𝑐 ≥ 316 𝑛𝑊 ≥ −35 
Adjacent Channel Selectivity 𝑓𝑐 ±  200 𝑘𝐻𝑧 ≥ 316 𝑛𝑊 ≥ −35 
Blocking Performance 𝑓𝑐 ± 1, ±2, ±5, ±10 𝑀𝐻𝑧 ≥ 316 𝑛𝑊 ≥ −35 
Spurious Emissions < 1 𝐺𝐻𝑧  2 𝑛𝑊 −57 
> 1 𝐺𝐻𝑧 20 𝑛𝑊 −47 
 
3.5 FCC-Required Measurements for RF-Devices 
 
The transmitter and receiver tests methods required for FCC compliance are very similar 
to those required by the ETSI and will therefore not be explained in detail. Suffice it to 
say, the test fixture solution developed for this thesis will be able to provide for the ma-
jority of required tests without, or with only very minor, modifications.  
 
The required test and limits for the 915 MHz band can be found in Title 47 CFR Part 15 
of the FCC. To mention a few important sections that handle transmit power, emission 
limits and restricted frequency bands of intentional radiators from subpart C of title 47 
part 15: 
§ 15.205: Restricted bands of operation 
§ 15.209: Radiated emission limits 
§ 15.247: Operation within the bands 902-928 MHz, […] 
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§ 15.249: Operation within the bands 902-928 MHz, […] 
 
3.6 Other RF Parameters 
 
There are other parameters that can be used to characterise RF performance of a trans-
ceiver some of which require specialised measurement equipment: 
 
 Receiver sensitivity 
 Phase noise (special equipment needed) 
 Occupied bandwidth (99.5% of total average power lies within this BW) 
 Receiver dynamic range (1 dB compression point) 
 
Receiver sensitivity is maybe important enough to be more than only mentioned. It is the 
weakest possible signal level for which a receiver is still able to meet a particular quality 
of reception and is therefore closely related to the signal-to-noise ratio, noise figure and 
the noise floor [13, pp. 24-50]. Sensitivity is defined as: 
 
Sensitivity: 
 
 𝑆𝑖 = 𝑘𝐵 ∙ (𝑇𝑎 + 𝑇𝑅𝑋) ∙ 𝐵𝑊 ∙
𝑆0
𝑁0
 (3-8) 
 
Where: 
 
𝑆𝑖: The Sensitivity in [W] 
𝑘𝐵: Boltzmann’s constant 
𝑇𝑎: Equivalent noise temperature of the source in [K] 
𝑇𝑅𝑋: Equivalent noise temperature of the receiver referred to the input in [K] 
𝐵𝑊: The bandwidth in [Hz] 
𝑆0: Signal power in [W] 
𝑁0: Noise power in [W] 
 
Sensitivity is an important parameter for receivers in general but is not measured for the 
base stations. 
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3.7 ATE and Software 
 
Automated Test Equipment is used extensively in manufacturing environments to test if 
products function as specified. Automated testing is testing that typically runs unattended 
and evaluates test results without user input. Popular ATE platforms use GPIB, LXI, PXI 
or legacy serial/parallel ports. 
 
There are several different solutions available to operate an ATE ranging from simple 
code written in C or C++ over graphical user interfaces in LabVIEW and MATLAB®. 
 
LabVIEW is a graphical programming language which supports a vast range of instru-
mentation hardware, in particular GPIB and the VISA API, and was therefore chosen to 
be the base for a future ATE system since all the instruments used in this project are 
supported by it. 
 
 
This concludes the methods and materials part. Now follows the results part in which the 
designed test fixture solution will be presented. 
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4 Results 
 
This part presents the test fixture that was developed for MariSense Oy and states its 
specifications in particular the path loss for the transmitter peak out power and harmonics 
measurements. 
 
4.1 The DUT 
 
The DUT is a circuit board that holds the proprietary transceiver part of MariSense Oy’s 
EBS. It holds a few power connectors, two RX and two TX connectors. It was therefore 
necessary to provide means to select the ports. The circuit board was mounted onto the 
fixture and held in place by custom-fit metal pins. As required, high quality durable SMA 
connectors were used to connect to the RF ports. 
 
4.2 Test Rack Layout 
 
The test fixture as well as supporting measurement equipment and power supplies were 
arranged in a large 19” test rack with the notion that cabling and instruments should be 
moved as little as possible. The arrangement can be seen in Figure 11: 
 
Figure 11. Test Rack Instrument Placement Overview  
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The actual test fixture is located in the top section followed by an oscilloscope to measure 
transmission time and gain/phase imbalance of the receiver, a spectrum analyser, a dig-
ital multimeter for power rail and power sensor 2 acquisition, a signal generator for re-
ceiver tests and various system power supplies to operate and monitor power consump-
tion of the individual transceiver parts. Using a rack was the proper way to implement 
the device test solution despite its physical dimensions since it provided a permanent 
test setup.  
 
A photograph of the rack can be seen in appendix [G]. 
 
4.3 ATE Interface 
 
All used instruments support GPIB and can be controlled via simple SCPI commands or 
for example with LabVIEW by using the VISA API. The ID numbers shown in Figure 11 
are the GPIB addresses of the instruments. 
 
The coaxial switches and step attenuators of the test fixture can be controlled via a sim-
ple remote control box with push-buttons and toggle switches. The remote is connected 
to the test fixture via an interfacing connector on the front plate. A GPIB switch controller 
can be connected in place of the remote, thereby providing the required rudimental ATE 
interface. 
 
A photograph of the front plate of the remote can be found in appendix [G]. 
 
4.4 Test Fixture Platform 
 
The test fixture consists of a 50 mm rectangular aluminium profile frame which is a little 
less than 19” wide, approximately 6 rack units high and about 600 mm deep so that it 
may fit into a typical 19” Rack. A thick aluminium plate is mounted across the first half of 
the frame to provide a solid base for the RF-transceiver circuit board and the RF-com-
ponents that make up the majority of the signal path routing. 
 
The circuit board was fixed with special mounting pins so that it was secured during 
testing. The front panel consists of 2.5 mm thick aluminium sheet and accommodates a 
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number of panel mounted SMA connectors, a couple of 4 mm binding posts and a con-
nector for an optional remote control for manual operation of the tester or the ATE inter-
face. 
 
 
Figure 12. Test Fixture, Front View 
 
The simple arrangement of the front panel connectors can be seen in Figure 12. The 
connector of the optional remote control for manual signal path routing and step attenu-
ator control is installed in this early stage model, and can be seen to the left. The Test 
fixture was supplied with electrical power from three system power supplies. An addi-
tional supply for an embedded control module was established via PoE in the back of 
the fixture. The various sections of the transceiver card were all powered by their own 
external supplies in order to be able to establish a certain power-on sequence initiated 
by the fixture. 
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Figure 13. Test Fixture, Top View 
 
Figure 13 shows a late stage of the fixture as seen from above. The front panel is in the 
bottom of the picture and the DUT is mounted near the centre. All signal connections 
were realised with semi-rigid solid copper coax to minimise the RF leakage. 
 
4.5 Signal Routing 
 
For the following paragraphs, it is necessary to be familiar with the system diagram illus-
trated by Figure 14. The test fixture consists of three major functional blocks: 
 
 Transmitter related measurements (upper half of Figure 14), 
 Receiver related measurements (lower right half of Figure 14), 
 An antenna part that is shared by both the transmitter and receiver. 
 
Additionally, there are a total of three connecting step attenuators used for isolation. 
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Figure 14. System Diagram of the Test Fixture RF-Signal Path 
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Starting with the two transmitter ports to the left, the very wide-band coaxial TX-PORT 
selection switch provides an easy way to choose between the two physical TX connect-
ors of the DUT. As already seen early in section 3, most TX tests methods shall be 
repeated for all TX connectors, and since the DUT only uses one of them at any time a 
simple switch is sufficient. This reduces the number of performed mating cycles for ca-
bles and terminators and hence limits connector wear. 
 
Then follows a directional coupler which couples the RF-power with -30 dB coupling to 
another very wide-band coaxial switch. This switch allows to choose between the two 
power sensors. This arrangement provides the means to conduct transmitter power 
measurements as required by the tests described in part 3.3.3. 
 
Next, a 10 dB attenuator connects the signal from the directive coupler to the TX-PATH 
selection switch. When the upper path is selected the configuration will allow for fre-
quency error, frequency stability, spectrum mask and spurious emissions measurements 
as described in sections 3.3.1 through 3.3.5. The FILTER SELECT switches, allow for 
an easy insertion of the high-pass filter mentioned in 3.3.5. Transmission time can either 
be measured with the commercial power sensor or with the TX-PATH selection switch 
set to the lower path, i.e. through the step attenuators, power divider and into the an-
tenna. From here, an external oscilloscope probe can trigger from the transmission at 
the antenna. 
 
The receiver block routes signals to the RX ports of the DUT from either of three possible 
signal paths. First, the RX-PATH selection switch can connect the signal generator to 
the RX ports for, for example, receiver sensitivity or spurious rejection tests as described 
in section 3.4.4. The other throw of the RX-PATH switch routes a signal received by an 
optional external antenna via step attenuators and a power divider to the RX ports, which 
in itself is not very useful as the tags operate via backscatter. 
 
When however, the TX-PATH and the RX-PATH both are set to route to the antenna it 
is possible to have the transceiver interact with actual tags. It is imperative to be aware 
of the fact that the TX ports can carry powers in excess of 30 dBm, so that the receiver 
might be saturated. The 10 dB pad in the TX chain can only prevent catastrophic failure, 
therefore, the step attenuators are required to be set to a value that helps with the isola-
tion between the TX and RX ports.   
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4.6 Power Measurements 
 
The test fixture features two options for power measurement. The standard power sen-
sor, sensor 1, is an expensive commercial R&S® NRP-Z11Three-Path Diode Power 
Sensor9 with a measurement range from -67 dBm to +23 dBm. It was intended to be 
used for normal operation but due to a number of reasons it became necessary to find 
an alternative solution for the power measurement. As a result a second sensor, sensor 
2, was implemented in the test fixture. 
 
Sensor 2 is an inexpensive ZX47-40-S+ power detector from Mini-Circuits [14] with a 
measurement range from -40 dBm to +20 dBm and similar bandwidth as sensor 1. It 
converts RF-power at its input to a DC voltage at its output with a slope of -25 mV/dB.  
 
The following requirements had to be addressed in order to make the power detector 
compatible with the test fixture: 
 
 It needed a graphical user interface (GUI) for Labview 
 It had to display instantaneous and peak power 
 It needed a band switch to choose between 868 MHz and 915 MHz operation 
 It had to provide power offset adjustment 
 It needed a calibration procedure 
 
All these requirements were met and are documented in appendices [C] and [D]. A proof-
of-concept can further be found in appendix [E], in which 100 samples of RF-power from 
an EBS transmission through the test fixture are acquired with a sample rate of at least 
30 readings per second. This shows that with the used equipment, Sensor 2 is able to 
meet the requirements for measuring the RF power as needed in the test method de-
scribed in section 3. With an offset setting of +30.6815 dB, i.e. taking into account the 
loss from the TX connector all the way to the power sensor connector found in appendix 
[D], an input voltage 𝑢𝑖𝑛 is converted to TX-power 𝐿𝑇𝑋 in dBm with (4-1):  
 
Input voltage to TX-power conversion, 865 MHz 
 
 𝐿𝑇𝑋(𝑑𝐵𝑚) = −2.9616 ∙ 𝑢𝑖𝑛
2 − 30.897 ∙ 𝑢𝑖𝑛 + 66.214 (4-1) 
                                               
9 See Appendix B for measurement uncertainties of Sensor 1 
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With this, and the transmitter power and harmonic limits of Table 2, it is now possible to 
correctly measure the power output at the TX connector and compare it against the TX 
power limits in Table 4.  
 
Table 4. TX Power Limits 
Frequency 
[MHz] 
ERP Test, peak Limit [dBm] 
TX1 TX2 
865 31.15 31.15 
915 34.00 34.00 
 
Table 4 assumes a circularly polarised antenna with a beamwidth of 𝜃3 𝑑𝐵 ≤ 180°, a max-
imum allowed ERP of 30.0 dBm for ETSI and 33.85 dBm FCC10, cable loss of 1 dB for 
1.5 m of RG58 and an antenna gain of 5 (868 MHz). 
 
4.7 Harmonic Measurements 
 
The path loss of the fixture from the TX connectors to the SA connector was evaluated 
with the commercial power Sensor 1 and an HP8648C signal generator, with and without 
the high-pass filter, for frequencies of the 1st, 2nd and 3rd harmonics for both the relevant 
ETSI and FCC frequency bands. The correction factors are summarised in Table 5: 
 
Table 5. Path Loss, TX1/TX2 to SA Port 
Frequency 
[MHz] 
Bypass Loss [dB] High-Pass Filter Loss [dB] 
TX1 TX2 TX1 TX2 
865 -11.60 -11.68 -52.40 -52.00 
915 -11.64 -11.53 -51.48 -51.80 
1730 -11.91 -12.21 -12.91 -13.07 
1830 -11.86 -12.01 -12.74 -12.84 
2595 -11.90 -12.25 -12.53 -12.74 
2745 -11.70 -12.15 -12.15 -12.45 
 
These correction factors must be taken into account when measuring harmonics. 
                                               
10 The FCC references assume that an antenna with 6 dBi is used. It was unclear whether this 
value is accounted for in Table 2. 
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5 Discussion/Review 
 
The Test fixture was taken into use for production testing almost as soon as the RF-
signal path was constructed and mounted on the fixture platform. Measurements con-
ducted and corrected with the correction factors for path loss and harmonics appeared 
to be in agreement with past values and reference devices. Unfortunately this also 
slowed down the progress of the project, since the test fixture was in use most of the 
time. 
 
During the course of the project a number of problems were discovered and dealt with. 
The fact that test equipment was scarce meant that instruments, in particular the com-
mercial power meter, would have to be shared between different projects. To solve this 
issue, a low-cost power detector was evaluated and deemed sufficiently accurate to be 
used in the test fixture. A drawback of this sensor was that it required to be calibrated 
against the known commercial sensor in regular intervals. The advantage was the fact 
that it meant consistent, permanent use in the test fixture.  
 
Another aspect was the fact that the test system would require a complete duplicate of 
the RF test fixture, and possibly also some key instruments for production scale-up. Scal-
ing could become an issue if the amount of base stations to be tested would increase. 
However, this seems to be true for most RF-transceiver production testing. 
 
Looking back; a bit of a disappointment was the fact that the controller of the DUT did 
not yet support a command interface which was needed to control the transmission of 
the DUT from the ATE. On the bright side, the amount of knowledge and experience 
gathered from the production testing and compliance testing was extensive. A lot of work 
lies in gathering and knowing the test specifications and regulations. 
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6 Conclusion 
 
This thesis presented an overview of the test methods used in the testing of RFID base 
stations, specifically in the 868 MHz and 915 MHz ISM frequency bands. It explained 
EIRP, ERP and electric field strength and also provided the necessary tools to convert 
between them. Each test method was explained adequately and the thesis would provide 
a good base for anyone interested in transceiver testing. 
 
A test fixture was developed which allowed to select between the aforementioned tests 
without the need of changing cables or connectors. This provided excellent improve-
ments in terms of repeatability and reduced testing time for especially output power and 
harmonics measurements, which make up a large part of the device testing for 
MariSense Oy.  
 
By using second-hand components, the total material cost for the test fixture amounted 
to less than 400 EUR [F]. This is a very competitive price given the high-quality signal 
path switching capability, the low-cost power sensor and the simple means by which the 
fixture was integrated into a semi-ATE system. Unfortunately, the lack of a proper inter-
face to the controller unit of the DUT prevented the test system from being automated at 
the time the fixture was developed. This could be improved upon in a continuation of the 
project. 
 
Future work could consist of adding automated calibration capability to the test system 
by providing for example additional signal path arrangements and logic that can evaluate 
and assess the path loss and power offset values. Another aspect that has been com-
pletely disregarded is temperature drift.  
 
All in all it can be concluded that the project was a success and useful to MariSense Oy 
in that it proved to be a sturdy tool not only for R&D tasks, but for the device verification 
process of the Ella® Base Station, which it improved significantly.  
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Appendix A – From Electric Field Strength to EIRP 
 
For an antenna matched to a load, the received power in in the load 𝑝𝑙𝑜𝑎𝑑  is related to 
the free space power density 𝑝𝑑𝑒𝑛 by the effective antenna aperture 𝑎𝑒: 
 
𝑝𝑙𝑜𝑎𝑑 = 𝑝𝑑𝑒𝑛 ∙ 𝑎𝑒 
 
If further 𝑝𝑑𝑒𝑛 is in a free-space impedance of 377 Ω, then the following relation applies: 
 
𝑝𝑑𝑒𝑛 =
𝑉𝑠𝑝𝑎𝑐𝑒
2
377Ω
=
𝐸2
377Ω
 
 
Where 𝐸 is the free-space field strength of unit 
𝑉
𝑚
. 
 
The effective antenna aperture 𝑎𝑒 =
𝜆2𝑔
4𝜋
  of an antenna is the effective aperture of a 
theoretical isotropic antenna multiplied by the actual antenna gain of the receiving an-
tenna 𝑔𝑟 over isotropic: 
 
𝑎𝑒 =
𝜆2
4𝜋
𝑔𝑟 
 
The received power in in the load 𝑝𝑙𝑜𝑎𝑑 can therefore be expressed as: 
 
𝑝𝑙𝑜𝑎𝑑 =
𝐸2
377Ω
∙
𝜆2
4𝜋
𝑔𝑟 
 
Further, the effective isotropic radiated power 𝑒𝑖𝑟𝑝 with transmit power 𝑝𝑡 and transmit 
antenna gain relative to isotropic 𝑔𝑡 is: 
 
𝑒𝑖𝑟𝑝 = 𝑝𝑡 ∙ 𝑔𝑡 
 
Additionally, with Friis’ transmission equation for the ratio of received to transmitted 
power 
𝑝𝑟
𝑝𝑡
 available for two antennas with gain 𝑔𝑟 and 𝑔𝑡 with respect to an isotropic radi-
ator: 
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𝑝𝑟
𝑝𝑡
= 𝑔𝑟 ∙ 𝑔𝑡 ∙ (
𝜆
4𝜋𝑟
)
2
⇔ 𝑝𝑟 = 𝑝𝑡 ∙ 𝑔𝑡 ∙ 𝑔𝑟 ∙ (
𝜆
4𝜋𝑟
)
2
  
 
The following equality equation is solved for 𝐸𝐼𝑅𝑃: 
 
𝑝𝑙𝑜𝑎𝑑 = 𝑝𝑟 
𝐸2
377Ω
∙
𝜆2
4𝜋
𝑔𝑟 = 𝑝𝑡 ∙ 𝑔𝑡 ∙ 𝑔𝑟 ∙ (
𝜆
4𝜋𝑟
)
2
 
𝐸2
377Ω
∙
𝜆2
4𝜋
𝑔𝑟 = 𝑝𝑡 ∙ 𝑔𝑡 ∙ 𝑔𝑟 ∙
𝜆2
42𝜋2𝑟2
 
𝐸242𝜋2𝑟2𝜆2
377Ω ∙ 4𝜋 ∙ 𝜆2
∙ 𝑔𝑟 = 𝑝𝑡 ∙ 𝑔𝑡 ∙ 𝑔𝑟 
𝑝𝑡 ∙ 𝑔𝑡 =
𝐸2 ∙ 4𝜋 ∙ 𝑟2
377Ω
 
𝑒𝑖𝑟𝑝 =
𝐸2 ∙ 4𝜋 ∙ 𝑟2
377Ω
 
𝑒𝑖𝑟𝑝
1𝑚𝑊
=
4𝜋 ∙ 𝐸2 ∙ 𝑟2
1𝑚𝑊 ∙ 377Ω
 
10 ∙ log (
𝑒𝑖𝑟𝑝
1𝑚𝑊
) 𝑑𝐵𝑚 = 10 ∙ log (
4𝜋 ∙ 𝐸2 ∙ 𝑟2
1𝑚𝑊 ∙ 377Ω
) 𝑑𝐵𝑚 
𝐸𝐼𝑅𝑃 = 10 ∙ log (
4𝜋 ∙ 𝐸2 ∙ 𝑟2
0.377 [𝑉2]
) 𝑑𝐵𝑚 
𝐸𝐼𝑅𝑃 = 10 ∙ log (
4𝜋 ∙ 𝐸2 ∙ 𝑟2
0.377 [𝑉2]
) 𝑑𝐵𝑚 
= 10 ∙ log (
𝐸2 ∙ 𝑟2
0.030 [𝑉2]
)  𝑑𝐵𝑚 
 
Where: 
 
𝐸𝐼𝑅𝑃 : The Effective Isotropic Power in dBm, 
𝐸 : The electrical field strength in 
𝑉
𝑚
 
𝑟 : The distance from the transmitting antenna in m, and 
𝑉 : is the unit of measurement (Volt). 
 
Reference: [9, pp. 2-3, 11] [15, p. 674] 
Appendix B 
1 (1) 
 
 
Appendix B – Power Sensor 1 Measurement Uncertainties 
 
Absolute uncertainty (+20…+25 C): 0.047 to 0.083 
Relative uncertainty (+20…+25 C): 0.022 to 0.066 
VSWR 10 MHz to 2.4 GHz: < 1.13, VSWR 2.4 GHz to 8.0 GHz: < 1.2  
 
Sources of error: (Absolute power) 
The measurement uncertainty of the sensor is the main source 
Sensor specs and mismatch (VSWR) between source and sensor 
Mismatch of the source (VSWR) and cable loss 
Linearity error 
Range-to-range error (three diodes) 
Temperature drift 
Zero-offset and drift 
Display noise 
Statistical measurement uncertainty (type A) SNR at low powers 
 
 
𝑎1
𝑎0
=
1
1 − Γ𝑆𝑒𝑛𝑠𝑜𝑟 ∙ Γ𝐺𝑒𝑛
 
 
Where: 
𝑎0: The forward wave (matched case) 
𝑎1: The resulting forward wave (𝑎1 = 𝑎0 + 𝑏1 ∙ Γ𝑆𝑒𝑛𝑠𝑜𝑟) 
𝑏1: The resulting return wave caused by 𝑎1 reflected at Γ𝑆𝑒𝑛𝑠𝑜𝑟 (𝑏1 = 𝑎1 ∙ Γ𝑆𝑒𝑛𝑠𝑜𝑟) 
Γ𝐺𝑒𝑛: The reflection coefficient of the generator output 
Γ𝑆𝑒𝑛𝑠𝑜𝑟: The reflection coefficient of the power sensor input 
Reference: [16, pp. 12, 15]
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Appendix C – Power Sensor 2, LabVIEW Code 
 
 
Figure C-1. Power Sensor 2, LabVIEW GUI 
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Figure C-2. Power Sensor 2, Main LabVIEW Code 
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Appendix D – ZX47-40S+ Power Sensor, Matlab Power Detector Calibration 
 
% This MATLAB script steps the output power of an HP8648B  
% at 10MHz from -50 dBm to +12 dBm in steps of 0.1 dBm. 
% Copyright 2013 Christian Cziezerski, created for MariSense Oy Finland 
  
% clear variables 
clear dec; 
clear vec; 
clear amplitude; 
clear inputpower; 
  
% set variables 
% Amplitude setting 
amplitude_min = -50; 
amplitude_max = 0; 
amplitude = amplitude_min; 
  
% the number of samples to capture (100 per 10 dB) -50 = 641 
readings = 501; 
  
% try-catch 
% if anything goes wrong in this loop, the instrument session will be 
% closed in an orderly manner and any error that occured is thrown back. 
try 
    % ***** DMM setup ***** 
    % create an instrument object for the DMM and open a session 
    % the GPIB instrument address is 10 
    HP3478A = visa('agilent', 'GPIB0::10::INSTR'); 
    fopen(HP3478A); 
     
    % setup the DMM to measure: 
    % Z0 - auto zero off, to speed up the measurement 
    % N4 - 4_1/2 digits display, 1 PLC integration 
    % F1 - Measurement Mode DCV 
    % R0 - volt range 3 V, 
    % T1 - Internal trigger 
    % D3 - Display a custom text on the display and disable update 
    % this ensures approximately 30 readings/s, if a higher readings/s is 
    % required, the 3_1/2 digit mode (N3) provides ca 85 readings/s 
    fprintf(HP3478A, '%s\r', 'Z0N4F1R0T1D3READING...'); 
     
    % ***** SigGen setup ***** 
    % create an instrument object for the SigGen and open a session. 
    % the GPIB instrument address is 19 
    HP8648B = visa('agilent', 'GPIB0::19::INSTR'); 
    fopen(HP8648B); 
     
    % setup the SigGen to initial condition.  
    %  
    % --- Amplitude --- 
    % "OUTP:STAT OFF"   - Output OFF 
    % "POW:AMPL -50 DBM" 
    % --- Frequency --- 
    % "FREQ:CW 10 MHz"  - set f = 10.00000 MHz  
    % --- Modulation --- 
    % AM, FM, PhiM, PM off per default 
    % modulation OFF 
    %  
    fprintf(HP8648B, ['OUTP:STAT ON;:POW:AMPL ' num2str(amplitude) ' DBM;:FREQ:CW 10 
MHz']); 
     
    % Wait for RF output power to settle 
    pause on; 
    pause(2); 
     
    % ***** Main program part ***** 
    % ***** Sig gen power sweep ***** 
    % Gather data from the DMM 
    for i = 1:readings 
        % Send power setting to instrument 
        fprintf(HP8648B, ['POW:AMPL ' num2str(amplitude)]); 
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        pause(0.1); 
        % measure the power sensor voltage 
        vec(i) = str2num(fscanf(HP3478A)); 
        inputpower(i) = amplitude; 
        pause(0.1); 
        % display the measured voltage value 
        disp(['Power set to ' num2str(amplitude) '. VDC reading ' num2str(i) ' = ' 
num2str(vec(i)) ' V.']); 
        amplitude = amplitude + 0.1; 
    end 
  
    % Re-enable autozeroing and the display 
    fprintf(HP3478A, 'Z1D1'); 
    %disable SigGen output 
    fprintf(HP8648B, 'OUTP:STAT OFF'); 
    
    % close the connection to the instrument and remove the VISA object 
    fclose(HP8648B); 
    delete(HP8648B); 
    clear HP8648B; 
     
    fclose(HP3478A); 
    delete(HP3478A); 
    clear HP3478A; 
  
    disp('done'); 
     
catch err 
     
    pause off; 
    % Re-enable autozeroing and the display 
    fprintf(HP3478A, 'Z1D1'); 
    %disable SigGen output 
    fprintf(HP8648B, 'OUTP:STAT OFF'); 
     
    % close connection and instruments and remove VISA object 
    fclose(HP8648B); 
    delete(HP8648B); 
    clear HP8648B; 
     
    fclose(HP3478A); 
    delete(HP3478A); 
    clear HP3478A; 
     
    % return any error in an orderly manner 
    rethrow(err); 
end 
  
% convert the voltage vector to an ETSI power in dBm 
dec = (-2.9616*vec.^2-30.897*vec+66.214); 
  
%implement a switch between ETSI / FCC 
  
% % Plot the voltage 
% figure 
% plot(vec) 
% title('Power measurement with ZX47') 
% xlabel('Reading Number') 
% ylabel('dBm') 
% grid on 
  
% Plot the power 
figure 
plot(inputpower,vec) 
title('Power measurement with ZX47') 
ylabel('Sensor Voltage [V]') 
xlabel('Sensor Power [dBm]') 
grid on 
 
The recorded values are used to calculate a 2nd order approximation of the output voltage 
graph vs. input frequency for both frequency bands as seen in figures D1 and D2: 
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Figure D-1. Power Sensor 2, Second Order Correction Factors for 865.5 MHz 
 
 
Figure D-2. Power Sensor 2, Second Order Correction Factors for 915 MHz 
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Table D-1. Power Sensor 2, In-House Calibration Values for FCC 915 MHz 
 
dBm In Volt Out Direct Offset 
-0.04 1.8182 30.64 30.68 
0.98 1.7942 31.65 30.67 
1.97 1.7706 32.65 30.68 
2.97 1.7467 33.65 30.68 
3.96 1.7231 34.64 30.68 
4.96 1.6992 35.64 30.68 
5.94 1.6756 36.63 30.69 
6.96 1.6513 37.64 30.68 
7.96 1.6271 38.64 30.68 
8.96 1.6030 39.64 30.68 
9.97 1.5785 40.65 30.68 
10.98 1.5539 41.66 30.68 
11.99 1.5290 42.67 30.68 
13.00 1.5040 43.68 30.68 
14.01 1.4784 44.70 30.69 
15.02 1.4531 45.71 30.69 
16.02 1.4280 46.70 30.68 
17.01 1.4031 47.69 30.68 
18.00 1.3780 48.68 30.68 
18.50 1.3650 49.19 30.69 
 
The power levels in the “dB In” column in Table D-1 were generated with an HP8648B 
signal generator at a constant frequency of 915 MHz. The absolute power level was 
verified with Sensor 1, meanwhile the Sensor 2 output voltage was measured with an 
HP3478A multimeter and recorded in the “Volt Out” column in Table D-1. From this, the 
2nd order approximation is calculated and used as correction factor in the LabVIEW main 
code for 915 MHz. 
 
The values in the “Direct” column are the uncorrected values, i.e. without taking the cou-
pling factor of the directive coupler or RF-relay insertion loss into account. The “offset” 
column is the difference between the uncorrected “Direct” values and the absolute “dB 
In” values. This indicates, that the attenuation from the connector of the TX input switch 
to the input of power Sensor 2 is an average of -30.6815 dB. This is the value that must 
be entered in the power sensor 2 LabVIEW GUI. 
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Table D-2. Power Sensor 2, In-House Calibration Values ETSI 865.5 MHz 
 
dBm In Volt Out 
0.03 1.8244 
0.96 1.8007 
1.98 1.7763 
2.98 1.7523 
3.98 1.7277 
4.97 1.7035 
5.98 1.6789 
6.97 1.6546 
7.98 1.6297 
8.99 1.6049 
9.99 1.5802 
11.01 1.5551 
12.02 1.5300 
13.04 1.5046 
14.06 1.4789 
15.08 1.4532 
16.08 1.4276 
17.08 1.4021 
18.05 1.3768 
18.94 1.3500 
 
Similar to the measurement conducted for the 915 MHz calibration, the absolute power 
values in the “dB In” column were measured with Sensor 1 at 865.5 MHz and the power 
detector output voltage measured with a multimeter and recorded in the “Volt Out” col-
umn. From this, the 2nd order approximation is calculated and used as correction factor 
in the LabVIEW main code for 868.5 MHz.
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Appendix E – ZX47-40S+ Power Sensor, Matlab DAQ Script 
 
% This MATLAB script collects 100 samples from an HP3478A DMM and converts  
% the reading to a power in dBm. The sensor input range is ca 0.2 to 2.2 Volt 
% Copyright 2013 Christian Cziezerski, created for MariSense Oy Finland 
  
% clear variables 
clear dec; 
clear vec; 
  
% try-catch 
% if anything goes wrong in this loop, the instrument session will be 
% closed in an orderly manner and any error that occured is thrown back. 
try 
    % create an instrument object for the DMM and open a session 
    % the GPIB instrument address is 10 
    HP3478A = visa('agilent', 'GPIB0::10::INSTR'); 
    fopen(HP3478A); 
     
    %get(HP3478A, 'Status'); % future test for active session 
  
    % setup the DMM to measure: 
    % Z0 - auto zero off, to speed up the measurement 
    % N4 - 4_1/2 digits display, 1 PLC integration 
    % F1 - Measurement Mode DCV 
    % R0 - volt range 3 V, 
    % T1 - Internal trigger 
    % D3 - Display a custom text on the display and disable update 
    % this ensures approximately 30 readings/s, if a higher readings/s is 
    % required, the 3_1/2 digit mode (N3) provides ca 85 readings/s 
    fprintf(HP3478A, '%s\r', 'Z0N4F1R0T1D3READING...'); 
     
    % the number of samples to capture 
    readings = 100; 
     
    % Gather data from the DMM 
    for i = 1:readings 
        vec(i) = str2num(fscanf(HP3478A)); 
        disp(['VDC reading ' num2str(i) ' = ' num2str(vec(i)) ' V.']); 
    end 
  
    % Re-enable autozeroing and the display 
    fprintf(HP3478A, 'Z1D1'); 
     
    % close the connection to the instrument and remove the VISA object 
    fclose(HP3478A); 
    delete(HP3478A); 
    clear HP3478A; 
  
    disp('done'); 
     
catch err 
     
    % Re-enable autozeroing and the display 
    fprintf(HP3478A, 'Z1D1'); 
     
    % close connection and instrument and remove VISA object 
    fclose(HP3478A); 
    delete(HP3478A); 
    clear HP3478A; 
     
    % return any error in an orderly manner 
    rethrow(err); 
end 
  
% try to get a better default scale and axis ticks 
% set(gca,'YTickLabel',num2str(get(gca,'YTick').')) 
% x=[4000, 8000, 10000, 12000]; % define the x values where you want to have a tick 
% set(gca,'XTick',x);  % Apply the ticks to the current axes 
% set(gca,'YTickLabel', arrayfun(@(v) sprintf('%d',v), x, 'UniformOutput', false) ); % 
Define the tick labels based on the user-defined format 
Appendix E 
2 (2) 
 
 
  
% convert the voltage vector to an ETSI power in dBm 
dec = (-2.9616*vec.^2-30.897*vec+66.214); 
  
%implement a swtich between ETSI / FCC 
  
% Plot the power 
figure 
plot(dec) 
title('Power measurement with ZX47') 
xlabel('Reading Number') 
ylabel('dBm') 
grid on 
%plot(tline(1,1:readings),'DisplayName','tline(1,1:readings)','YData-
Source','tline(1,1:readings)');figure(gcf); 
 
 
 
 
Figure C-1. Sample ZX47-40 Power Measurement Output 
 
Figure C-1 illustrates a proof-of-concept of an EBS TX RF-signal converted from sensor 
voltage output to dBm scale for the 868 MHz band. The sensor voltage is converted into 
power with the formula found in appendix [D]: 
 
Power = (-2.9616*uin.^2-30.897*uin+66.214)
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Appendix F – Parts List 
 
Nr. # Item Piece Total 
1 1x Directive Coupler, S.M. Electronics MC3202-20 - - 
2 3x Step Attenuator, HP 33321SG DC to 4 GHz, 0-35 dB 45.33 135.99 
3 1x Power Splitter/Combiner, Mini-Circuits ZFSC-2-2-S 10-
1000 MHz 
- - 
4 2x Coaxial Switch, HP 33311B DC to 18 GHz 28.525 57.05 
5 2x Coaxial Relay, Ducommun 2SE1T11JB, DC to 26.5 GHz  21.945 43.89 
6 2x Coaxial Relay, Ducommun 2SE1T11JB, DC to 26.5 GHz 7.02 14.04 
7 2x Coaxial Relay, Ducommun 2SE1T11JB, DC to 26.5 GHz 13.81 27.62 
8 10x push button switch, 1A ,125VAC, black 1.339 13.39 
9 5x Panel mount adapter, SMA-SMA, bulkhead O-ring 2.722 13.61 
10 9x miniature toggle switch, 1-pole (on)/off/(on) - - 
11 13x Semi-rigid coax 0.085 + 2x SMA connector 2.48 32.24 
12 2x Semi-rigid coax 0.141 + 2x SMA connector - - 
13 1x MHz Power Detector, Mini-Circuits ZX47-40-S+, -40 to 
+20 dBm, 10-8000 MHz 
37.18 37.18 
     
  Total  375.01 
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Appendix G – Photographs 
 
 
Figure G-1. Complete Test Rack with Test Fixture 
Appendix G 
2 (2) 
 
 
 
Figure G-2. Test Rack Remote Control 
 
 
Figure G-3. Test Rack ATE Connector 
